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FOREWORD

Microwave radiation at high harmonics of the electron cyclotron frequency
is generated from a cusptron device. An axis-rotating beam of 30 kv, 3.5 4,
4 ps, and 60 pps interacts with modes in a six-vane circuit by the negative
mass instability. Radiation power is more than 10 kW with approximately 10
percent electronic efficiency at 6.0 GHz, which corresponds to the sixth
harmonic of the electron cyclotron frequency. With the same circuit and a 28
kV, 1.5 A beam, we also obtained approximately 4.0 kW radiation with 9.5
percent efficiency at the fourth harmonic frequency of 3.9 GHz. This work was
supported in part by the Independent Research Fund at the Naval Surface
Weapons Center and in pa-t by the Office of Innovative Science and Technology
of the Stategic Defense Initiative Organization managed by the Harry Diamond
Laboratories.
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CHAPTER 1

INTRODUCTION

A compact and high-power microwave and millimeter wave source is in great
demand for various practical applications in particle accelerators, communica-
tions, radars, plasma heating, and others. Since most high-power devices use
electron beams and magnetic fields, operationm at lower voltages and lower
magnetic fields is required to be a compact device. Recently, there has been
intense research on new high-power electromagnetic radiation sources, e, g.,
gyrotrons, free electron lasers, and relativistic magnetrons, However, they
use either high voltage beams requiring a bulky power supply and/or high
magnetic fields commonly obtainable from superconducting magnets. Therefore,
a device which operates at a high harmonic of the electron cyclotron frequency
using a low energy beam holds promise as a compact and high-power tube,

Powerful microwave radiation has bfen observed from axis-rotating
electron beams (E layers) in the Astron” for plasma confinements and in
Electron Ring Accelerators* for collective ion accelerations, The interacting
mechanism between E layers and the modes.of ghg conducting boundaries has been
fdentified as the negative mass {nstability.”” It induces uyniform E layers

to de azimuthally bunched, and beam energy is thereby transferred to wave
energy. In most experiments with smooth conducting walls, the radiation

spectra have shown many harmonic frequencies, for example, harmonic numbers up
to 40. Recently, the mode competition has been controllgd by introducing
nultivane circuit similar to anode blocks in magnetrons. In contrast to

these relativistic devices, the cusptron microwave tube uses low-energy, .Xi’:ll
rotating electron beams and a multivane circuit to control mode competition.

VW W W W W W W VW W W W T
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CHAPTER 2

EXPERIMENTAL APPARATUS

The experimental setup of the Naval Surface Warfare Center (NSWC) cusptron
is shown schematically in Figure 1. The magnetic cusp field is produced by
three independently controlled power supplies to the coils. The cusp transition
width is narrowed substantially by a soft iron plate placed between the second
and third coils. The transition length has been measured as 4.8 mm, which is
determined by the FWHM of the radial magnetic field at the beam radius. The
system vacuum is maintained by ion pumps at lower than 1x10-8 Torr.

A hollow electron beam is produced from an annular thermionic cathode of
1.5 cm radius and 0.2 cm radial width with a Pierce type focusing electrode.
The cathode assembly is mounted on a bellows coupled pipe for its alignment,
and the cathode-anode gap can be adjusted without breaking system vacuum. An
anode with an annular slit supported by three bridges is attached to an iron
plate.- A 0.2 cm wide annular slit allows the cylindrical beam to pass through
the magnetic cusp transition region where the (vszr) force effectively
converts the beam axial velocity into the azimuthal velocity on the downstream
side of the cusp transition. The downstream beam current is monitored by a
pickup loop to a ground lead from the downstream chamber, which is
electrically insulated by a vacuum break. A six-vane circuit for the beam-
vave interaction is placed at 4.0 cm downstream from the iron plate. This
axial gap allows the beam envelope to be expanded in the cusp transition
region without destruction. The circuit design is based on theoretical
studies for the resonant {Stigaction between an E layer of 25 keV and the
sixth harmonic frequency."“~

3/4




NSWC TR 87-266

CHAPTER 3

MODES IN MULTIVANE CIRCUITS

The six-vane RF circuit is utilized to encourage the sixth harmonic
interaction (see Figure 2 for its cross section). Due to the presence of the
periodic interruptions in the azimuthal direction, the individual azimuthal
mode number is no longer an eigennumber, and the cusptron RF eigenmode is an
infinite sum of certain azimuthal modes in a circular cylinder. In order to
emphasize this different grouping of the RF azimuthal modes, we devise a new
convention of the (i,j)-mode designation. In this convention, the first
number i is the primary azimuthal mode number that determines the phase
difference of the neighboring resonators, and the two numbers i and j are the
first two available RF azimuthal mode numbers. Also the sum of the two
numbers represents the number of the vanes. In the six-vane circuit, there
exist four different modes; the (0,6), (1,5), (2,4), and (3,3)-modes. The
(2,8)-mode can interact with either the second or the fourth harmonic
frequencies. In magnetrons, the (0,6)- and (3,3)-modes are 2x- and x-modes,
respectively.

The peculiar property of the azimuthal mode mixture in this circuit may
be understood with a simple argument given in Figure 2, where the azimuthal
electric fields at openings of resonators are drawn. Here the azimuthal angle
is linearly stretched for simplicity. The conducting wall forces the field to
vanish except at the openings. The fields at the openings are assumed to be
constant, and the phase information is enforced via the primary azimuthal mode
numher. The eigenmodes thus obtained are shown with the solid line in the
squave wave forms. Obviously, these square waves cannot be represented by a
single sinusoidal wave, and the Fourier components of these square waves
determine the amplitude of the partial azimuthal modes. The first two Fourier
components are shown with broken and dotted lines. One notes that the
different modes have different partial azimuthal modes, and they do not
overlap. One also notes that the amplitude for the second partial mode is
comparable to that for the first, e.g., 6 and 0 for the (0,6)-mode. For the
present purpose, the (0,6)-mode has sufficient amplitude for azimuthal mode 6
to interact with the six bunches of the electron beam in producing the sixth
harmonic.
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P The cross section and dimensions of the six~vane circuit are shown in
Figure 3 along with the vacuum dispersion relations and the interaction region
L in the magnetic field. The axial length of the circuit is 40 cm long with a

- slight tapered section at the front end. One notes from the dispersion curves
ey’ in Figure 3(c) that the (0,6)-mode is not the lowest frequency in the circuit,
% but it can be selected for the interaction by adjusting the magnetic field such
" > that the sixth harmonic frequency intercepts the dispersion curves as shown in
.gi, Figure 3(d), where the Doppler shift term of the beam modes is not taken into
AN account for simplicity.
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CHAPTER 4

EXPERIMENTAL RESULTS

The diode is operated at 25-30 kV, 4 us, 60 pps, and 0.6-1.0 uperv. The
current of the axis-rotating beam is typically 1.5-3.5 A depending on magnetic
field configurations. The applied magnetic fields are 180-270 G in the diode
region and 340-490 G in the circuit region. The block diagram for radiation
diagnostics is shown in Figure 4. Radiation is detected by a C-band standard
gain horn antenna located beyond a circular pipe of 15 cm 0.D. and 30 cm
length which guides radiation from the downstream viewport to the receiving
horn antenna. For §he maximum gain configuration between the transmitting and
receiving antennas,~ the horn antenna is positioned with a polar angle of 10-
20°. The radiation frequency is accurately determined by a storage spectrum
analyzer (HP-8569B). The output power is measured by a power meter (HP-432B)
and by a calibrated crystal detector from the attenuated signals. O.e notes
that the total attenuation of microwave power to the crystal detector is more
than 63 dB, since 60 dB is the sum of attenuators used, and 3 dB is from the
polarization effect of the coupling between the circular polarization_of the’
radiation fields and the linear polarization of the waveguide fields.

There are two operating regimes in this setup. One generates radiation
of more than 10.0 kW about 6.0 GHz, and the other yields 4.0 kW around 3.9 GHz
from interactions with the sixth and fourth harmonics of the electron
cyclotron frequency, respectively. They are separated slightly in the applied
magnetic field strength in the circuit region.

The oscilloscope and the spectrum analyzer traces are shown in Figures 5
and 6 for the (0,6)-mode excitation by the sixth harmonic interaction. In
Figure 5, the detector signal attenuated by more than 63 dB, is 520 mV
corresponding to microwave output power of approximately 10.4 kW (top
trace). The current of the axis-rotating beam is 3.5 A (middle trace), and
the beam energy is 30 keV (bottom trace). The electronic efficiency is about
10 percent in this case. The spectrum analyzer trace in Figure 6 shows that
the radiation frequency is 6.0 GHz with no other components in the 3.5-8.5 GHz
band within the 50 dB dynamic range. For the sixth harmonic interaction at
6.0 GHz, the required magnetic field is only 380 Gauss.

For the fourth harmonic interaction, typical data are shown in Figures 7
and 8. The top trace in Figure 7 shows that radiation power is approximately
4.0 kW. The middle trace shows an axis-rotating beam current of 1.5 A, and
the bottom trace shows that the beam energy is 28 keV. In this case, the
electronic efficiency is about 9.5 percent. The spectrum analyzer trace in
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Figure 8 shows that the radiation frequency is 3,9 GHz, and it is the only

frequency detected in the 3,5-8.5 GHz band, 1In both cases, radiation

frequencies are a direct function of the magnetic field strength in the

circuit region, i.e,, a tunable device as observed previously. The range of

frequency tuning is about 10 percent with respect to the cutoff frequency of

N each mode. We observed also that the magnetic field in the circuit region

wQ should be increased from that for the sixth harmonic case while the magnetic

Ko field in the diode region should be decreased. 1t may be compared with the
fact that the (2,4)-mode requires slightly higher magnetic fields than that

. for the (0,6)-mode in Figure 3(d).
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o4 CHAPTER 5

e CONCLUSIONS

%Q' Microwave radiation of 10.4 kW at 6.0 GHz has been generated by the sixth
o harmonic interaction of an axis-rotating beam of 30 keV and 3.5 A with the
(0,6)-mode in a six-vane circuit. The electronic efficiency is approximately
k- 10 percent. In addition, the fourth harmomic frequency has been generated
J¢2 with the same six-vane circuit. In this case, the (2,4)-mode has been excited
) by an axis-rotating beam of 28 keV and 1.5 A. The output power is
) approximately 4.0 kW at 3.9 GHz, and the electronic eificiency is 9.5 !
percent., The cusptron holds promise as an efficient, compact, and also |
tunable microwave tube suitable for many applications including high-power |
\ amplifiers for future accelerators,
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LA & g

NSWC TR 87-266

JUNLINYLS
INVA 9=N

INIHIYAdXT NOHLASND IMSN 40 J1LVWIHOS

——

woo o0

STI0J WVIHISNMOO

$1109 300ia

‘T d49n014d

dWNnd NOI

~

11840
1404 M3IA NOH123IN
WAdAL

Rt A TnL el A tu “Q..mat!.. M

Nviua AT8N3ISSY
3d013ANI  WNANJVA Ja0H1VD
Wwv3d
31vid NoWI
TS -5-'...‘...5 -y, h.\'a.‘. -uﬂ'ﬂ\"

HOLVINSNI
JIVLIIOA HOM

smon3g

1404 MIIA
ININNOSITY

R K

B
. .
..
el
7.
.ﬁ
<
L.
-
o
.
(gl
-
-
=
gy
.
lﬂ.
'Qr
&l
-
-,
-
5
- €
ot

g4y

b

h.l;‘ ".,| 0

X
. ‘.

“,,'




(al da Bat Sac Sek Aol Sav Sat 4

Lats i f

NSWC TR 87--266

5

L

1 180 360

(0, 6)

(1.5)

e ol sl S BENE i R R (R e o
' 1 ! 11
b, — - p
B 2 B . 0
e N T AL o
- e q ~

2,4)

»

3.3)

N

FIGURE 2.

RF FIELDS AT OPENINGS OF VANES

(ol _Bal Ank e

.......... 6
- =1
.......... 5
- — 2
........ - 4
- — 3

wrw W T RTOETYTE TR WTETRTE




¥ NSWC TR 87-266

k : —_— /L
1 > X
t 40 CM Z - -
[ 80 C
: l )
v 2 Ji
— 40 CM >
;;:. b}
4
) | CUTOFF FREQUENCY
b O
o,
' —_ 05 - MooE_ __
)
N - |
& o
’ = gy 47 |
i = “e/
r = - e
! 1
N, ’ na / / //
L — — —
g SPEED OF //// ~ =
- L/ UGHT - L'/ﬂéa; a”/’ ‘_,——"’—’ -
—
ks ' PR L %1 I I N | TR B
b 0 18 20 cm™' 0 0 400 600 800 G
. AXIAL WAVENUMBER, k, AXIAL MAGNETIC FIELD, By
; o ")

' FIGURE 3. CIRCUIT CHARACTERISTICS ((a) CROSS SECTION OF CIRCUIT;
‘s (b) DIMENSIONS OF CIRCUIT; (c) DISPERSION CURVES; AND
‘ (d) BEAM-WAVE INTERACTION REGIME OF MAGNETIC FIELDS)




S g e s s b At Ak e ieied

s Ake ot it ot e el Jhleskiiied A .ad o

NSWC TR 87-266

8P 0¢

¥374N00
TYNOILI3HIa

SO1LSONOVIU NOILVIUVH du NV¥OV1d N00714

TVIXVYOD

P .

H3I13W
H3IMOJ

AZEV dH

86958-dH
HIZATVNV
WNY103dS

apr oz

ap 0L

ap 0Z

‘% AYNO1d

€094 N3L

34008

ap 0z HO103130
TVLSAHD
g EZv-dH

H3ITdNR0I
IVYNOILD3HI]

HOLVNNILLVY IT1BVYIHVA

VNN3ILNV

‘0T UISO

14




2

":':‘; e S S R S S U ' SR RSN TR AT ENOY CENERATTON (TOP TRACE
[ 2 U CORAL 0 0 e 200 my/DTV) CORRESPOND-
R A A S Y DL E TRACTE FOR BEAM CURRENT OF
NN D 0 i T R0 e e Gl BE A PNERCY 0 30 eV




W PV T T T W W VWU W W U T ew e Wy R Y WP T WYY Wy 7 VW W Y Wy W o Wl ™ Sy Wl ™ Wew> ey Wy wey™ i s wor - ey

TR 6.00RGE PWNONE/ WSWMINE ¥ .0
REF S0din 0@/ AMINOE 82

FLGURE 6y PULOCRTMAUAEYZER TRACE FUR S Dy i HART DO i e G N RATTON
CLHD G R REOUECY IS kot Wi a0 Mb a1y U T CE/DIV)




T WL W W T W T W W W F W R L T W T T e YW e v rlem e e v we e oy

-—v—— bl B A A e gl ook Ais o)




v 1 Lo
NoL Lo =

YRR SRR AT YRR TRACE PR TCURTH O HARMONTC FREDUENCY CENERATION
CoB Ul r R i e IS e Gy wlTH 00 MEz DIV OAND 10 dB/DIV)




a7

“ul 1V

-~ -~
IS MRS A 4

¥,

wle @ & & 8

s S22 rELE L

[N

10.

11.

12.

13.

. Christofiolos, N. C., Briggs, R. J., Yester, R. E., and Weiss, P. B., in

. Destler, W. W., Hudgings, D. W., Rhee, M. J., 6 Kawasaki, S., and

. Nielson, C. E., Sessler, A. M., and Symon, K. R., in Proceedings of

. Sprangle, P., Journal of Applied Physics, Vol. 47, 1976, p. 2935.

. Uhm, H. S., and Davidson, R. C., Journal of Applied Phvsics, Vol. 49,

. Destler, W. W., Weiler, R. L., and Striffler, C. D., Applied Physics

. Namkung, W., Physics of Fluids, Vol. 27, 1984, p. 329.

NSWC TR 87-266

REFERENCES

Proceedings of Conference on Plasma Physics and Controlled Nuclear Fusion |
Research, IAEA, Vienna, Austria, Vol. 2, 1%ko, p. 211.

Granatstein, V. L., Journal of Applied Phvsics, Vol. 48, 1977, p. 3291.

International Conference on High-Energy Accelerators and Instrumentation,
CERN, Geneva, Switzerland, 1959.

1987, p. 593.

Letters, Vol. 38, 1981, p. 570.

. Namkung, ¥., and Choe, J. Y., 1EEE Transactions on Nuclear Science, Vol. ;

32, 1985, p. 2885,

. Namkung, W., Choe, J. Y., and Uhm, H. S. in Conference Digest of the llth |

International Conference on Infrared and Millimeter Waves, 1986, p. S1.

Chojnacki, E., Destler, W. W., Lawson, W., and Namkung, W., Journal of
Applied Physics, Vol. 61, 1987, p. 1275.

Namkung, W., Choe, J. Y., Uhm, H. S., and Ayres, V., in Proceedings of the
1987 Particle Accelerator Conference (Washington, D.C., March 16-19,
1987). IEEE Conference Racords, 87-CH2387-9, 1987, to be published.

Uhm, H. S., Kim, C. M., and Namkung, W., Physics of Fluids, Vol. 27, 1984,
p. 488.

Lau, Y. Y., and Barnett, L. R., International Journal of Infrared and
Millimeter Waves, Vol. 3, 1982, p. 619.

19




WP T T TP T TP T T T ey A ahd o Ba-

l4.

15.

l16.

meter Waves, Vol. 5, 1984, p. 37.

g aal g don gaes ok Aak Ses Seh Son Sab gal Aad feb Sl gl Aok ek At At Sah Al Salied A A Al oA Al A VT ™w -—T

NSWC TR 87-266

REFERENCES (Cont.)

Chu, K. R., and Dialetis, D., International Journal of Infrared and Milli-

Choe, J. Y., Bulletin of American Phvsics Societv, Vol. 28, 1983, p. 1ll42.

Choe, J. Y., and Namkung, W., IEEE Transactions on Nuclear Science, Vol. 32,
1985, p. 2882.




W W I TSR TR twws W v W tw e W w e~ = = =

Sk ada el e

CoEies

Defense Technical
Information Center

Cameron Station

Alexandria, VA 22304-6145

Library of Congress

Attn: Gift and Exchange Div,

Washington, DC 20504

Strategic Defense Initiative
Organization
Attn: 1IST (H. E, Brandt)
DEV (R. Gullickson)
Washington, DC 20301-7100

Commander

Naval Research Laboratory

Attn: Code 6840 (R. Parker)
Code 4740 (W, Manheimer)
Code 4790 (P. Sprangle)
Code 4704 (J. Golden)

Washington, DC 20375

Massachusetts Institute of
Technology
Attn: R. C. Davidson
G. Bekefi
R. Temkin
Plasma Fusion Center
77 Massachusetts Ave,
Cambridge, MA 02139

aw

NSWC TR 87-266

DISTRIBUTION

12

-

—

(1)

University of Maryland
Attn: W, W, Destler

V. L. Granatstein

M. J. Rhee

M. P. Reiser

C. D. Striffler
Electrical Engineering

Department

College Park, MD 20742
Cornell University
Attn: J, Nation

E. Chojnacki

H. Fleischmann
Laboratory of Plasma Studies
Ithaca, NY 14850

Cogies

Pt e s et

—




g s 0a awm aBe ais ahas San AR LBA ok Ba ok ohi ald bt abi ot ahi ale A aliekid il

b0
o 0%}
.'_t‘::l

T B T -
ot ik b aRh b ol aRA ath oo ol TR IR T O TR T ke TEs T .

’;‘:’_l,‘
:'; NSWC TR 87-266
Cd
£
3 Y
e DISTRIBUTION (Cont.)
)
¢t
" Internal Distribution:
oy D2 1
R E231 2
) E232 15
L F40 5
)
; N R 1
RO~ ROL 1
"’_ RO4 1
s.l (X R40 1
R401 1
'}-'\" R41 (M. Brown) 1
_,-: R41 (R. Chen) 1
YN R41 (D. Land) 1
A R41 (K. T. Nguyen) 1
b R41 (S. Stern) 1
' R41 (R. Stark) 1
LN R41 (R. Schneider) 1
o R4l (J. Smith) 1
A% R41 (H. Uhm) 5
o R42 1
(e R43 1
o o _R43 (V. Ayers) 5
ey R43 (J. Choe) 5
s R43 (W. Namkung) 20
A R43 (J. Scarzello) 1
BNS, R&44 1
,a'l.o,‘ )
R45 1
J
'e".l'.
! '.".
!",’.N','
:;’.5}.
R
o
‘?' 4
0 ‘ "
¢ 1]
:‘:.t'
& 1.
W
l"A‘q‘
\,;:s
4;0,_\1
'.l:‘
T

(2)




ENYXN R ek okl b o RSt R A L Aat BAc Rt Rait b act SA s Sil ek Bal  Bal Bl Sl Sall Bal Sl Sl Sl A E Rl ol ok Aol '-"'1'

END

AL E
/LMD
=Yy

2 E

§- - W ¥ 9 ¥ O TeTTeT T

b R W

e

.

S
E



